The work presents a summary of previous studies on fatigue crack propagation within various Aluminum alloys. The effective characteristics on crack growth are first highlighted and the influence of surface engineering such as polishing, shot peening and skimming to enhance the failure resistance are discussed. Several different existing developed models for predicting the rate of crack propagation are compared in terms of incorporated effective parameters. Finally numerical and computational analyses as the accurate, fast and cheap methods which have attracted the Engineers' interest are reviewed and compared with other methods.
Introduction
In the early 1990's scientists and engineers in The Welding Institute (TWI) of Cambridge United Kingdom achieved a new method of solid-state welding called Friction Stir Welding (FSW) [1] [2] [3] [4] [5] . FSW process is different from other types of welding in which, a threaded or non-threaded pin (probe) that is installed on a cylindrical tool, approaches the joint line of two butted sheets or plates, rotating fast with a constant spinning speed and is inserted the plates. Then probe starts to translate along the joint line, rotating [1, [3] [4] [5] [6] [7] [8] [9] . Fig. 1(a) illustrates the process clearly. During the welding process cylinder is forced down toward the plates, to make the effective contact between the probe, shoulder and the plates surfaces. This contact and rotary movement, cause frictional heat, which increases the material temperature below the melting point and softens the materials. Probe rotation deforms the materials of both plates plastically and drags some amount of materials from front to the back side when it is stirring them which joins the sheets together.FSW is a V-shaped welded zone consists of five different sub areas called: (1) Nugget zone (NZ), (2) Flow arm zone (FAZ), (3) Thermomechanically affected zone (TMAZ), (4) Heat affected zone and (5) Parent plate zone (PZ), illustrated in Fig. 1(b) . Although FSW is suitable for the materials with low melting points like Al and Mg [8, 9] however it is also applied to some types of metals with high melting points, like different alloys of steel [10, 11] . It was claimed that, this kind of welding technique has the capacity to join the composite materials [12] as well as join two different types of materials together [5, 10, 11] . [13] , b) Weld macrostructure zones [9] .
Hardness Characteristics of FSW.In FSW hardness is not uniform within the thickness of welded joint and it changes by moving through the thickness especially within the nugget zone due to this region is influenced strongly by welding process and material characteristics varies obviously from top side to bottom [1- 3, 12] . In FSW of 6013 Al alloy or some types of composites like AA7005/10 vol.%Al2O3p the hardness in top surface (surface which is under welding process) is higher in value than the bottom especially within the NZ [1, 3, 12] . This phenomenon can be attributed to decreasing the size of crystals from bottom to top surface in NZ. For some other welded materials like 7050 Al alloy it is completely opposite as illustrated in Fig. 2 [8] and draw the same conclusions on residual stress characteristic through the FSW joint in 2024 Al alloy. He reports on asymmetric residual stress distribution along the welded zones, which has the shape of "M" and peaks in TMAZ at both sides of welded area as represented in Fig. 3 (a) . Prime et al. [17, 19] investigated the residual stress within the FSW joint of two different 7050-T7451 and 2024-T351 Al alloys. The obtained results of this research represent the asymmetric distribution of residual stress along the FSW zones with the shape of "M" that reaches the maximum value (32 MPa) in HAZ. Crack growth is intensely affected by residual stress how hardness and microstructure characteristics play the minor roles [1, 2, 4, 8, 20 ]. Bussu and Irving [8] studied the effect of residual stress on crack propagation. Higher amount of tensile residual stress (around 264 Mpa) observed in TMAZ which induces higher crack propagation rate. It is worth noting that high propagation rate in TMAZ is not supported by hardness characteristic due to, as mentioned before TMAZ has the lowest hardness. Crack growth rate along the HAZ was reported as four times smaller than growth rate within PZ, which is induced by compressive residual stress through this zone. They also introduced 2% plastic strain to release the residual stress and they observed that after relaxation, fatigue crack growth rate for all the FSW zones is the same as propagation rate in parent plate material (see Fig. 3(b) ). Fig. 3 . Residual stress along the FSW 2024-T351 [17] , b) Crack growth after relaxation [15] .
(a) (b)
Effect of surface engineering. Ali [1] successfully improved the fatigue life of FSW joints in aircraft components by applying surface engineering. In That work he confirms the previous results obtained by Bussu et al. [8] about crack initiation and propagation through the FSW joints in 2024-T351 Al alloy and then represents the effect of residual stress on crack growth rate and life time of the Al alloy. He presents the analytical and experimental fatigue lifetimes of FSW joint as welded and also of polished joint, considering tensile residual stress within the welded joint and then he compares these fatigue lifetimes with lifetimes of peened as welded and peened as skimmed joints which are under compressive residual stress. Regarding the strong effect of crack closure on crack propagation [21] , it was incorporated in that study, predicting the crack growth rate by Hobson-Brown model. It is worth noting that whenever the applied stress exceeds the material yield strength, some amount of residual stress is released as the result of plastic deformation (for more details on loading calculations refer to [17] ). Fig. 4 illustrates the intense effect of surface Engineering on the fatigue life improvement obtained by Ali In another work the fatigue crack propagation within the friction stir welded (FSW) joint of 2024-T351 Al alloy, was studied as well as fatigue lifetime of the joint using Walker and Nicholls models [22] . The FSW joint wascharacterized in terms of the residual stress, (using the hole drilling technique), material, and cyclic properties. The material surface was polished in order to avoid any surface irregularities. The crack initiation is detected applying scanning electron microscopy (SEM), however plastic replication technique was used to monitor the crack propagation. The concepts of crack closure, residual stress and stress relaxation were incorporated into both models. Finally the results were validated and compared together regarding to the experiments. The results showed that both of the models present acceptable predictions however Walker equation yields higher accuracy compared to the Nicholls equation, especially for the HCF. Nicholls model showed higher agreement for higher values of applied loadings in LCF conditions. Ingraffea et al.
[23] is one of the first people who tried to simulate the crack propagation in twodimension (2-D) and under mixed-mode condition. In that research simulation was performed by the use of boundary element method (BEM). Xiang et al. [24] tried to develop the previous 2-D work into 3-D applying BEM in order to investigate fatigue crack behavior within a welded T joint specimen. Xiang et al. [24] based his work on Paris' law and calculated the crack growth rate using this model. In our previous work the fatigue life of a friction stir welded (FSW) joint in the 2024-T351 Al alloy was predicted by using the finite element method in the framework ofFracture Analysis Code for TwoDimensions (FRANC2D/L) [25] . The simulation was conducted using linear elastic fracture mechanics based on Paris' model, and the maximum tensile stress and displacement correlation methods were applied to calculate the crack direction and stress intensity factor, respectively.
